Wood properties are a result of chemical composition and wood structure on all its levels, i.e. submicroscopic, microscopic and macroscopic ones. Density is considered to be the most significant wood property that also strongly affects the other physical and mechanical wood properties. Therefore, it is this physical property that has always been paid the greatest attention.
1986). Table 1 shows the comparison of compression wood density and standard wood density.
This paper aims to evaluate the integral value that determines wood properties -wood density at a moisture content of 0% and 12% in relation to the position in the stem. Wood density will be researched in the compression zone (compression wood), opposite zone (opposite wood) and side zones (side wood). Further, we will research the influence of ring width and the influence of the presence of compression wood on density.
MATERIAL AND METHODS
We selected a sample spruce (Picea abies [L.] Karst.) tree where we anticipated the presence of reaction wood. The tree was selected in the Křtiny Training Forest Enterprise Masaryk Forest -Mendel University of Agriculture and Forestry Brno, Forest District Habrůvka, area 164 C 11. The average annual temperature in this locality is 7.5°C and the average annual precipitation is 610 mm.
The tree stem axis was diverted from the direction of the gravity. The axis was diverted in one plane only and the diversion angle at the stem basis was 21°C. The tree was 110 years old and its total height was 33 m.
Logs (20 cm high) were taken at various heights (6, 8, 10, 12, 15, 18, 20 and 22 m) and the directions of measurements were marked on them. Then, blocks of wood were sawn out of the logs for individual (1932) zones (a block of CW -compression wood zone, a block of OW -opposite zone, and two blocks from side zones, i.e. SWL and SWR). The blocks were dried in the chamber kiln until the final 8% wood moisture content was reached. After drying, samples of these dimensions were made: 30 ± 0.5 mm long, 20 ± 0.5 mm wide and 20 ± 0.5 mm thick (Fig. 1) . It was necessary that the samples would be of a special orthotropic shape. The maximum allowed divergence of rings was set to 5° for testing, the maximum allowed divergence of fibres was also set to 5°. Each sample was marked so that an exact identification of the position in the stem was later possible. The marked samples were put in the kiln where they were dried at the constant temperature of 103 ± 2°C until absolutely dry. Then the samples were weighed and measured so that the wood density at the moisture content of 0% could be assessed. Later, the samples were conditioned to the moisture content of 12% and they were weighed and measured again (assessing ρ 12 ). The wood density (kg/m 3 ) at the 0% and 12% moisture content was calculated according to this formula:
where: m w -sample weight at w = 0% and w = 12% (kg), V w -sample volume at w = 0% and w = 12% (m 3 ).
To define the influence of the compression wood presence in the sample on wood density, the sample fronts were digitalized using an EPSON scanner (Epson Perfection 1660 Photo). The parameters of scanning were: colour image at 600 dpi resolution. The digital images of the fronts were used in LUCIA application. The application defined the spot where compression wood was present. It compared the entire sample area with the defined compression wood. The proportion of pixels with compression wood in the entire image gave us the final result of the proportion of compression wood in the sample. The samples from the CW zone which contained min. 25% of compression wood are marked as data file CW/CW in calculations.
The average ring width in the sample was set in compliance with ČSN 49 0102 standard. The width was measured using a stereo magnifier (Nikon SMZ 660).
RESULTS
Wood density was determined for the moisture content of 0% and of 12%. Detailed descriptive statistics of wood density in relation to the position in the stem (height, zones) are shown in Table 2 . The wood density is represented in Fig. 2 by a box graph.
The graph clearly shows that the density differences in the OW, SWL and SWR zones are minimal. The density in these zones ranges between 469 and 476 kg/m 3 when the moisture content is 12%. However, the density is higher in the CW zone, where it reaches 488 kg/m 3 . The compression wood density (CW/CW; only the samples containing at least 25% of compression wood were included in the calculation) is considerably higher and its value is 549 kg/m 3 . Statistical comparison of individual zones shows that there is a statistically significant difference in wood density only between the mean values of CW and OW sets. No statistically significant differences were confirmed in the other zones (Table 3) . Further, the statistical research shows that the influence of the position in the stem, i.e. the radius and the height, on wood density is statistically significant (the statistical research was done for ρ 12 only).
In the CW zone, the heights of 22 m and 10 m showed a more statistically significant variance in the mean value. In the OW zone, the same is valid for heights 22 m, 20 m, 8 m and partially also for 18 m and 6 m. In the SWL zone, only the height of 10 m showed a statistically significant difference. In the SWR zone, the ANOVA confirmed the influence of the height on wood density, but when Tukey's method of multiple comparison was used, no statistically significant influence between the individual heights was proved. The influence of the radius on wood density seems to be more considerable. In all zones, there were no statistical differences in wood density in the samples from the pith area, or in the peripheral areas. However, there were statistically significant differences between the other samples (along the stem radius).
The ring width is an important parameter influencing the density of spruce wood. The influence of the ring width on wood density at a 12% moisture content for individual zones is shown in Fig. 3 .
Wood density was found to decrease with the increasing ring width. There are two collections of data in each model. The first collection contains samples which had wide rings and therefore low wood density. These samples were taken from the central parts of the stem, where the wood increments are the highest. The second collection contains samples with narrow rings where the wood density is considerably higher. As 2D models show, the difference is 100 kg/m the CW zone, which is caused by the presence of reaction compression wood. The data in the CW zone obviously correspond to wood with the presence of compression wood (1.5-2 mm ring width and 560 to 680 kg/m 3 density) (Fig. 3a) . The created models and function coefficients are statistically significant. Correlation coefficients of the selected set are 0.397 up to 0.739, which demonstrates a medium up to a strong dependence of wood density on the ring width (see Table 6 ).
3D models were created using all the data acquired by measuring; the models describe the influence of stem radius and height on wood density (Fig. 4) . There is an obvious remarkable increase in wood density along the stem radius in all the models. In the CW zone, the increase is more distinct in the first 40 years of growth, then the wood density stagnates. In the other zones, i.e. OW, SWL and SWR, the increase is constant along the entire stem radius. The remarkable influence of the stem radius on wood density corresponds with the statistical results of ANOVA.
Wood density decreases in the CW zone with the increasing height. In the side zones SWL and SWR it is also possible to see a gradual decrease in density with the increasing stem height. Only the model for the OW zone shows an opposite trend. However, looking closely at the model, we can see the values measured at various heights are not significantly different. The reverse trend in this zone can be caused by the fact the data from lower positions in the stem are missing. To sum up, the insignificance of the wood density changes along the stem height in our models is again a confirmation of the statistical results of ANOVA. The created functions and equation coefficients valid for the description of the wood density variability in relation to the position in the stem are shown in Table 6 . The marked influence of the position in the stem on wood density was confirmed by high correlation coefficients of the selected sets (0.517 up to 0.718).
When the macroscopic and microscopic structure changes, considerable changes in properties, in our case in wood density, can also be expected. Fig. 5 clearly shows a trend when density increases with the increasing percentage of compression wood in the sample. When there is 10% of compression wood in the total area of the sample front, the wood density is 475 kg/m 3 , which is a value similar to the density of standard wood. When there is 80% of compression wood in the front, the density is 680 kg/m 3 , in other words, it is 1.5 times higher. The created model that describes the influence of compression wood on density was statistically significant and the high values of correlation coefficients confirm the statistically significant relation between the researched values. The function describing the relation between the density and the proportion of compression wood, the correlation coefficients and equation coefficients are represented in Table 5 .
DISCUSSION
The change in the wood density variability along the stem radius is often connected with the tree age, as the cambium of older trees forms consid- erably narrower rings (with a high proportion of late-wood) compared to the rings in the juvenile wood area (Reck 2002; Merforth 2000; Palovič, Kamenický 1961; Trendelenburg 1939) . The lowest density in the spruce wood is near the pith; then the density increases in the radial direction proportionally to the decreasing width of rings; on the periphery, in the sapwood with narrow rings, the density reaches its highest value (Lexa et al. 1952) . Panshin and Zeeuw (1980) classify spruce wood as soft wood, where the density increases in the direction from the pith to the periphery, which might be caused by the growing proportion of late-wood in a ring. The authors also pointed out to the analogy between the trends of late-wood density and late-wood tracheid length, as both the values grow with the stem radius, whereas the early-wood density falls in the direction from the pith to the mature wood and then it is constant. Mitschell and Denne (1997) concentrated on the wood of Sitka spruce (Picea sitchensis [Bong.] Carr) and described a decrease in the density of the rings formed first. The density decreased between the second and the sixth ring from 450 kg/m 3 to 330 kg/m 3 . The authors explained the decrease as a result of the increasing ring width and the larger radial dimension of tracheids.
The created 3D models (Fig. 4) , which describe wood density in relation to the position in the stem, also show the increase in wood density with the stem radius. This transition can be caused both by the decrease in the ring width along the stem radius (Gryc, Holan 2004) , and also by the increasing proportion of late-wood in the rings. Further, the thickness of tracheid cell walls, which grows with the increasing distance along the stem radius, can also be expected to positively influence wood density (Zobel, Sprague 1986 ). The models do not show a decrease in wood density near the pith, as presented by Mitschell and Denne (1997) , because the wood near the pith was removed when the samples were created and because the wood density change among a few rings would be difficult to demonstrate in a 3D model. Furthermore, considerable changes in wood density with the stem height have also been confirmed. Lexa et al. (1952) stated that even with the ring width being identical, there were lower proportions of late-wood at higher positions of the stem than at lower positions. When the rings are wider at higher positions than at lower positions, it is only natural that this is manifested by a decrease in wood density. Palovič and Kamenický (1961) also confirmed a decrease in wood density with the increasing stem height. Bosshard (1974) reported the more-or-less identical density in the spruce along the whole stem. Reck (2002) did not confirm that the wood density decreased with a higher stem.
The measurements of the sample tree proved a very gradual decrease in wood density with the increasing height in the side zones. In the CW zone, the decrease is more than apparent and it is caused by the presence of a well-developed compression zone in lower parts of the stem. In the opposite zone, the trend is reverse; however, the difference between the lower and the upper parts of the stem is very small.
Seeling (1999), Timell (1986) , Seth and Jain (1978), Schulz et al. (1984) , Kučera (1973) , Rak (1957) and others agreed that the density of compression wood was considerably higher in comparison with opposite wood or to standard wood.
The values of compression wood density found out in the sample tree also clearly confirm higher density of compression wood, which is 550 kg/m 3 at a 12% moisture content as compared to 450 kg/m 3 in the opposite zone. The wide range of varying values of compression wood density presented by various authors was caused by different types and amounts of compression wood in the researched samples. High variability of compression wood density is shown in Fig. 5 , where the variability of compression wood density was explored in relation to the area of compression wood in the sample. The range of values from 500 kg/m 3 to 700 kg/m 3 is a good example. This varying density of compression wood is caused by the presence and the amount of thick-walled compression tracheids whose cell wall thickness is considerably higher (Timell 1986 ) compared to the cell walls of early-wood and late-wood tracheids of standard wood.
It is obvious that reaction compression wood has a different structure from standard wood. For a modified structure we can also expect different wood properties. Compression wood has a different structure that is manifested in the researched wood property -density. When processing and using wood where compression wood is present it is necessary to expect some troubles. Because the compression wood density is higher, higher energy will be needed for any work with the material; moreover, compression wood has a different tint, which may look improper for some products unless the difference is requested. To conclude, this work was aimed and managed to expand the knowledge of the properties of Norway spruce (Picea abies [L.] Karst.) wood with the presence of reaction wood.
Variabilita hustoty dřeva smrku (Picea abies [L.] Karst.) s přítomností reakčního dřeva
ABSTRAKT: Studie se zabývá vyhodnocením integrální veličiny určující vlastnosti dřeva -hustoty dřeva při vlhkosti 0 % a 12 %. Hustota dřeva byla zkoumána na vzorníkovém stromě s přítomností reakčního tlakového dřeva. Hustota dřeva byla stanovena pro jednotlivé zóny (CW, OW, SWL a SWR). Zóna s přítomností tlakového dřeva (CW) má vyšší hustotu než zóny zbývající. Ze získaných dat byly vytvořeny 3D modely pro jednotlivé zóny, které popisují variabilitu hustoty dřeva po poloměru a výšce kmene. Vliv poloměru se statisticky jeví jako velmi významný faktor. U zkušeb-ních vzorků s přítomností tlakového dřeva se hustota dřeva významně zvyšuje. Při 80% podílu tlakového dřeva ve zkušebním vzorku byla hustota dřeva 1,5krát vyšší ve srovnání se dřevem bez přítomnosti tlakového dřeva.
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